Abstract: All characterized major ampullate silks from orb-web weaving spiders are composites of primarily two different proteins: MaSp1 and MaSp2. The conserved association of MaSp1 and MaSp2 in these spider species, the highly conserved amino acid motifs, and variable ratios of MaSp1 to MaSp2 demonstrate the importance of both MaSp1 and MaSp2 to the strength and elasticity of the fi ber. Computer simulated mechanical tests predicted differing roles for MaSp1 and MaSp2 in the mechanical properties of the fi bers. Recombinant MaSp1 and MaSp2 proteins were blended and spun into fi bers mimicking the computer-simulated conditions. Mechanical testing verifi ed the differing roles of MaSp1 and MaSp2.
Spider silks are composed almost entirely of protein (Peters 1955) . Each protein posses a distinct substructure of highly conserved amino acid motifs providing the silk fi ber with mechanical properties that correspond to its specifi c use (Vollrath 1992; Hayashi et al 1999) . A conserved set of amino acid motifs which can be associated with specifi c mechanical properties provides a molecular architecture which can be utilized to understand, and potentially manipulate, the structure/function relationship that governs spider silk.
Major ampullate silk, which serves as the lifeline for the spider, has a stress capacity similar to Kevlar but with moderate elasticity (Gosline et al 1986) . In all characterized orb-weaving species, a combination of primarily MaSp1 and MaSp2 are responsible for these properties (Xu and Lewis 1990; Hinman and Lewis 1992) although the precise ratio of the two proteins varies . These two silk proteins are composed of four amino acid motifs: a crystalline poly alanine or (GA) n motif, which forms β-sheets that correspond with strength (Gosline et al 1986; Hayashi et al 1998 Hayashi et al , 1999 Grubb and Ji 1999; Riekel et al 2000) , a GPGXX motif, which likely forms stackable type II β-turns to confer elasticity, and GGX regions, that are believed to form glycine II helices that interact to stabilize the fi ber (Dong et al 1991; Hayashi and Lewis 2000; Gosline et al 2002; Rising et al 2005) . Combinations of these motifs produce a repetitive pattern that is responsible for the material properties of the biopolymer fi ber.
Major ampullate silk fi bers contain crystallites made from the poly-alanine sequences of MaSp1 and MaSp2 arranged in antiparallel β-sheets (Grubb and Jelinski 1997; Hayashi et al 1999; Rising et al 2005) . This arrangement allows the proteins to "zipper" together on 2 sides of each peptide chain, with the side chain methyl groups occupying the void spaces near the alpha carbons of neighboring peptide chains thus combining hydrogen bonds and van der Waals interactions. This densely packed arrangement results in a structure that is impenetrable to water, a key feature of the resulting solid silk fi ber.
Rigid crystallites embedded in a nano-structure cannot completely explain the material properties of the fi ber. In fact, these crystallites are suspended in what is described as an "amorphous matrix" which is composed of the glycine rich regions of the constituent silk fi broin proteins. No defi nitive structure for this fraction of the silk material has been described, although the presence of beta turns has been detected (Ohgo et al 2006) . The sequences of both major ampullate silk proteins show a pattern of alternating polyalanine regions and glycine rich regions, suggesting that each molecule possesses a number of crystalline and amorphous regions. However, because of the extreme stiffness of the crystalline regions (Termonia 1994 ) and lack of any discernable structural changes with extension, the observed extension of silk fi bers must arise from the amorphous regions.
Using amino acid and cDNA analyses (Anderson 1970; Tillinghast 1984; Tillinghast and Christenson 1984; Work and Young 1987; Lombardi and Kaplan 1990) , the ratio of MaSp1 to MaSp2 can be determined and attempts have been made to correlate these ratios with the mechanical properties of major ampullate fi bers from different species . Although the ratio of MaSp1 and MaSp2 as well as the pattern of amino acid motifs present in each protein is known for Nephila clavipes (Xu and Lewis 1990; Hinman and Lewis 1992) and correlations have been drawn as to the functions of the motifs (Brooks et al 2008; Dicko et al 2008; Liu et al 2008; Gosline 2008a, 2008b) , the overall contribution of each protein to the mechanical function of the fi ber remains elusive.
To unravel the inseparable proteins and determine if the mechanical properties of the major ampullate fi ber are due to the occurrence of both proteins in the fi ber or just the mere presence of the amino acid motifs, we used two approaches: molecular dynamics simulations and expressed protein fi bers. Experiments were designed using three different ratios of recombinant MaSp1 to MaSp2: 100% MaSp1, 50%: 50%, and 100% MaSp2. In silico experiments, simulated silk fi brils were constructed by arranging 20 amino acid chains based on either MaSp1 or MaSp2 N. clavipes sequences, each comprising 120 amino acids with peptide chains arranged in anti-parallel fashion (supplementary material). The peptide arrangement was allowed to equilibrate for 20ns using the molecular dynamics simulation package, NAMD2 (Phillips et al 2005) . Following these equilibration simulations, each construct was subjected to virtual mechanical testing using the steered molecular dynamics functionality of the NAMD2 package. One end of each peptide aggregate was fi xed while the other was subjected to constant velocity pulling. The output from such a simulation then includes force and displacement data for the construct in addition to atomic coordinates ( Figure 1 ).
The simulation clearly shows the two proteins have very different mechanical behavior as fi bers suggesting that MaSp1 and MaSp2 have distinct contributions to the mechanical properties of a natural silk fi ber (Figure 2 ). It also shows that the blend of the two proteins (n = 9) exhibits behavior intermediate between the two pure protein fi bers. Contrary to expectations, the MaSp2 fi bers (n = 2) exhibited much higher strength than the MaSp1 fi bers (n = 1). Both types of fi bers showed similar extension, which was also unexpected. These fi bers all showed strains that are almost an order of magnitude lower than those observed for natural dragline silks (15%-30%). The initial modulus, or linear slope, for all three fi ber types were similar; however, the shapes of the overall curves were different. The MaSp2 fi ber showed an increasing modulus with extension, whereas the MaSp1 fi ber showed a more typical two-phase slope where the modulus decreased after the initial extension. The pure MaSp1 constructs displayed an equal amount of extensibility with a much lower modulus. Interestingly, the blended fi ber has a shape that looks like a combination of the two pure fi bers with the initial extension to approximately 10% matching that of the MaSp1 fi ber but then switching to the shape of the MaSp2 fi ber. These experiments also confi rmed the presence of polyalanine β-sheets embedded in an amorphous matrix. No synergistic properties were apparent upon mixing the two proteins. Notwithstanding disassociating secondary structures, it is important to note that the simulations were terminated after the designed peptides were fully extended but prior to stretching or breaking any covalent bonds. Consequently, comparison with natural major ampullate fi bers showed lower stress and strain capacity (Figure 2) .
The recombinant protein blends (n = 9) were produced (Lewis et al 1996; Supplementary materials) based on N. clavipes MaSp1 and MaSp2 sequences (Hayashi and Lewis 1998 ; Supplementary materials) and were spun into fi bers that were subsequently tested on the MTS Synergie 100. For each mechanical test an average stress/strain curve ( Figure 3 ) was calculated using a polynomial regression. Each fi ber was spun using a spinning apparatus from Nexia Biotechnologies
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(Montreal, QC, Canada) (Lazaris et al 2002) , which was designed to regulate the force used to extrude the spin dope. Despite the mechanical spinning apparatus, fi ber appearance as well as diameter remained highly variable, although in certain instances birefringence was noted. Birefringence is an indication of protein alignment as is seen in a natural N. clavipes major ampullate fi ber (Um et al 2004) .
The recombinant fi bers generated qualitatively similar curves but with distinct differences. The MaSp2 fi ber again showed a higher stress to break with the MaSp1 fi ber in this 
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case much lower and the blended fi ber having an intermediate curve. These fi bers all showed much lower extension (2%-2.5%) than the computer simulations and the natural fi bers (Supplementary Table 2 ). The shape of the curves also shows substantial differences from the computer simulation. The MaSp2 fi ber, instead of an increasing modulus with strain, shows a decreasing modulus. The MaSp1 fi ber has a shape similar to the MaSp2 curve with the modulus deceasing with strain (Figure 3 inset) . The blended fi ber curve again is a composite but shows behavior that is similar to MaSp2 in the initial extension and then like the MaSp1 fi ber for further extension, the opposite of the simulation. As with the simulation no synergistic properties were observed with the blend of the two proteins.
Discussion
The amino acid sequences of the silk proteins of orb weaving spiders have remained relatively unchanged for over 150 million years (Gatesy et al 2001; Garb et al 2006) .
Interestingly, the MaSp1 and MaSp2 proteins of major ampullate silk, which contain this conserved molecular architecture, are observed together in all studied major ampullate fi bers. However, the varying mechanical properties of single major ampullate silk fi bers between different species Swanson et al 2006) , coupled with species-dependent alterations in the ratio of MaSp1 to MaSp2 supports a hypothesized structure/function relationship. Considering the different motif content of the MaSp1 and MaSp2 proteins allows major ampullate silk to be conceptualized as a nanostructured composite fi ber in which each protein makes a distinct contribution to the mechanical attributes of the fi ber. Confi rming and understanding the discrete contributions necessitates the use of both molecular dynamics simulations as well as mechanical testing of synthetic silk-like fi bers.
Both molecular dynamics simulations and laboratory experiments demonstrate that the different the amino motifs that compose MaSp1 and MaSp2 do indeed contribute Figure 3 Mechanical tests of MaSp1 and MaSp2 synthetic protein blends. We found that altering the ratio of the two proteins changed the response of the fi ber to simple tensile testing; (light grey) represents Masp2 (2 fi bers), (black) represents MaSp1 (1 fi bers), and (dotted) shows a 50:50 MaSp1/MaSp2 blend (9 fi bers). It is diffi cult to see the details of the MaSp1 (black) curve due to the extreme differences in stress; therefore, the inset represents a graph with only the MaSp1 fi bers. 
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distinct aspects to the mechanical properties of a silk fi ber. The MaSp1:MaSp2 blend fi ber has properties that are a combination of pure MaSp1 and pure MaSp2. Thus, it is evident from the results presented here that the mechanical properties (ie, the balance of strength and elasticity) observed in natural major ampullate fi bers are in large part due to the proper ratio of MaSp1 and MaSp2. The results from this study substantiate the plausibility of using silk proteins as templates for creating designer materials. The data from the simulation studies indicates that computer modeling can reveal the basic features of the fi bers. The contradiction to expectations for both the MaSp1 and MaSp2 fi bers is likely rooted in the unknown interactions between the proteins in the fi ber. Additional studies are necessary to consider these interactions, as well as other solvent effects, that likely contribute to the mechanical properties of synthetic fi bers. The secondary structure of the poly-Ala motif is clearly a ß-sheet with most of these sheets oriented parallel to the fi ber axis, which forms a crystalline block and defi nes one set of interactions between protein molecules. As is observed for the natural fi bers during X-ray diffraction studies, the simulations show that the crystalline regions are maintained during the extension. However, it is not clear what the relative preference for interactions is: intra-and intermolecular either between the same protein or with the other protein in the fi ber. The computer simulation was not suffi cient to identify these factors. Importantly, the simulation was arranged such that the individual proteins were well mixed initially. If the proteins were not well mixed initially in the lumen of the gland (Vollrath 1992 ) then such a design would lead to a disparity with the natural fi ber.
The GGX motif is most likely in a Gly II helix conformation (Tatham and Shewry 2000) , but its orientation relative to the fi ber axis is unknown. It is also unknown what its intra-or intermolecular interactions are. It has been suggested that this motif would form anti-parallel supercoils as is seen in GGX synthetic peptides (Tamburro et al 1991) . These particular interactions were not obvious in the simulation and if present clearly would infl uence the mechanical properties of both the MaSp1 and blend fi bers. In the case of MaSp2, this would involve the GPGXX sequence, which is highly likely to be in a ß-spiral conformation as is indicated for elastin. However the differing amino acid sequences of the MaSp2 and elastin motifs suggest that the MaSp2 motif structure could involve intermolecular interactions as well as intramolecular ones. As with the GGX motif these are not clearly seen in the simulation.
The data from the recombinant protein fibers was consistent in many ways with the simulation. However, the synthetic fi bers themselves vastly under performed the natural fi bers in all regards. It is surprising that pure MaSp2 fi bers show a qualitatively greater stress to break (or load to break) as well as a higher Young's modulus (slope of the initial linear region). Both observations seem to indicate a more crystalline fi ber than both MaSp1 fi bers and blended fi bers. MaSp2 contains the polyalanine regions, which form β-sheets and if fi ber formation did not allow the correct structure for the GPGXX motifs to form then they would not be available to provide the natural mechanical properties. It has been observed that post-spin draw greatly enhances the properties of many fi bers and that process might also lead to removal of possible entanglement of the protein chains, which could occur during the spinning process. Both of these factors could lead to a fi ber showing a high crystalline fraction and a limited extension.
The novel fi nding that synthetic MaSp1 protein fi bers, which are composed of the GGX and polyalanine motifs associated with rigid crystalline (Hayashi et al 1999) , show a lower Young's modulus and stress to break appears initially contradictory. This is especially true since the strain to break (indication of the extension of the fi ber prior to breaking and a rudimentary measure of elasticity) is approximately the same regardless of the fi ber composition (Figure 3) . One plausible explanation for this apparent contradiction is the protein folding back on itself, creating a stack of adjacent β-sheet crystals. These β-sheet stacks do not provide additional strength to the fi ber; thus, as tension on the fi ber is increased, the protein and particularly the β-sheet stacks unfold according to a hierarchy of structures. The lack of orientation of the fi bers parallel to the fi ber axis, which seems likely based on the very low birefringence observed for these fi bers, would also contribute to lesser mechanical properties for all three fi bers. A post-spin draw process might alleviate these diffi culties.
Although the necessity for two separate proteins to contribute the constituent amino acid motifs to a fi ber is not clear, the conservation of both the sequences of MaSp1 and MaSp2 and their combination to form dragline silk for over 100 MY clearly delineates their importance to the mechanical properties of that fi ber. This study provides data on the reasons behind this conservation, but clearly there are key factors still to be identifi ed. Regardless, these new insight into the molecular basis for the outstanding material properties of major ampullate silk can now be incorporated into the design of novel biomaterials.
Materials
Recombinant proteins were produced (Tamburro et al 1991;  Supplementary materials) based on N. clavipes MaSp1 and MaSp2 sequences (Grubb and Jelinski 1997; Supplementary materials) . After expression and purifi cation (Supplementary materials), a 12%-15% (w/v) spin dope was made from each individual protein using lyophilized protein and HFIP (1,3,3-Hexaflouroisopropanol; TCI America, Portland, OR, USA). For protein mixtures lyophilized protein was mixed in the appropriate molar ratio prior to dissolving in HFIP. Each protein powder took about 4 days to completely dissolve in the HFIP (supplementary material) and reach the appropriate viscosity for spinning.
Each fi ber was spun using a spinning apparatus from Nexia Biotechnologies (Lazaris et al 2002) , which was designed to regulate the force used to extrude the spin dope from a 1 mL Hamilton syringe through 0.005 inch Peek tubing (VWR, West Chester, PA, USA) into an isopropanol coagulation bath. Following fi ber formation, the strand was removed from the coagulation bath and mounted on a card with a minimum length opening of 2.5 cm by taping the ends and reinforcing with superglue, as described previously . Each fi ber was viewed with a microscope to determine the cross-sectional area and the length of the fi ber was measured. The MTS Synergie 100 (MTS corporation, Eden Prairie, MN, USA) with a custom-built 10-gram load cell (Transducer Techniques, Temecula, CA, USA) was used to test the fi bers at 2 mm/min extension.
